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Surface defectsAbstract In order to develop the high-efficiency and precision machining technique of TiCp/Ti–
6Al–4V particulate reinforced titanium matrix composites (PTMCs), high-speed grinding experi-
ments were conducted using the single-layer electroplated cubic boron nitride (CBN) wheel and
brazed CBN wheel, respectively. The comparative grinding performance was studied in terms of
grinding force, grinding temperature, grinding-induced surface features and defects. The results dis-
play that the grinding forces and grinding temperature obtained with the brazed CBN wheel are
always lower than those with the electroplated CBN wheel. Though the voids and microcracks
are the dominant grinding-induced surface defects, the brazed CBN wheel produces less surface
defects compared to the electroplated wheel according to the statistical analysis results. The maxi-
mum materials removal rate with the brazed CBN wheel is much higher than that with the electro-
plated one. All above indicate that the single-layer brazed CBN super-abrasive wheel is more
suitable for high-speed grinding of PTMCs than the electroplated counterpart.
 2016 The Authors. Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics
and Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).1. Introduction
TiCp/Ti–6Al–4V particulate reinforced titanium matrix com-
posites (PTMCs) have high specific strength, high wear resis-
tance and high temperature durability, which show great
application potentials as important structural materials in
the aerospace and military industries.1–3 However, similar to
SiCp/Al aluminum matrix composites, it is also very difficult
to machine PTMCs due to the co-existence of hard TiC rein-
forcements and high-strength Ti–6Al–4V matrix.4–6 Bejjani
Fig. 1 Microstructure of TiCp/Ti–6Al–4V composites.
Table 1 Composition and mechanical properties of PTMCs.
Content Value
Matrix Ti–6Al–4V
Reinforcements 10 vol.% TiC particles
Tensile strength 1102 MPa
Yield strength 972 MPa
Elongation rate 0.55%
Elasticity modulus 133 GPa
Poisson’s ratio 0.34
Comparative investigation on high-speed grinding of TiCp/Ti–6Al–4V particulate reinforced titanium matrix composites 1415et al.7 have studied the effects of cutting parameters with PCD
on tool life, chip morphology and surface integrity in laser
assisted turning of titanium metal matrix composite. They dis-
covered that tool life could be enhanced for laser assisted
machining of titanium metal matrix composite, however, sur-
face roughness moderately increased by up to 15%. Aramesh
et al.8 tested the tool wear in turning titanium metal matrix
composite using PCD cutting tool. Statistical model was devel-
oped to estimate the average service life of the cutting inserts
during turning Ti-MMCs, and initial wear, steady wear and
rapid wear regions in the tool wear curve were regarded as
the different states in the statistical model. Besides the severe
tool wear, poor surface quality is another machining problem
in the cutting and grinding process.9,10 For example, Blau and
Joll9 discovered that the reinforcing particles were easily frac-
tured and pulled out in the grinding practice of titanium
matrix composites with the vitrified alumina abrasive wheels.
At the same time, some clusters of fragments also remained
on the surface or were trapped in microcracks. Under such
condition, the ground surface quality of PTMCs would be
degraded even though the maximum materials removal rate
applied is only 0.5 mm3/(mm s). For the above reason, how
to realize high-efficiency and precision machining of PTMCs
becomes an important research topic in the present days.
Single-layer electroplated cubic boron nitride (CBN) super-
abrasive wheels, owing to their good properties of high hard-
ness, high thermal conductivity, high wear resistance and high
chemical inertness, have been applied to grind difficult-to-cut
materials. Marschalkowski et al.11 carried out the grinding of
102Cr6 hardened bearing steel (63 HRC) using electroplated
CBN wheels. The advantages in increasing the grinding effi-
ciency and improving the probability of wheel life were veri-
fied. Aspinwall et al.12 investigated the tool wear and surface
integrity in grinding Udimet 720 nickel-based superalloy. It
was found that the tool life of the electroplated CBN wheel
was longer than that of electroplated diamond super-abrasive
wheel; furthermore, surface burnout didn’t happen under the
test conditions when using the electroplated CBN wheels.
On the other hand, in recent years, more and more atten-
tion has been paid to the single-layer brazed CBN wheels
because the precision brazing process could build a strong
chemical bridge between CBN grains and wheel substrate with
the help of Ag–Cu–Ti active filler alloy as the bonding mate-
rial. As a consequence, the single-layer brazed CBN wheels
could provide stronger bonding to grains, higher grain protru-
sion and more favorable grain distribution than the electro-
plated CBN wheels, which is much beneficial to further
improve the grinding performance of the CBN super-
abrasive wheels. Teicher and Ghosh conducted grinding of
Ti–6Al–4V titanium alloy using the single-layer brazed CBN
wheels.13 Low grinding temperature and good surface quality
were obtained. Ding and Xu carried out the profile creep-
feed grinding of K417 cast nickel-based superalloy with the
brazed CBN wheel.14 Low grinding temperature at about
100 C was obtained. Furthermore, all the required dimen-
sional accuracy, surface roughness and comprehensive residual
stresses of the straight groove components were reached under
the optimum grinding parameters as follows: the wheel speed
of 22.5 m/s, the workpiece speed of 0.10 m/min, and the depth
of cut of 0.20 mm.
High-speed grinding with CBN super-abrasive wheels has
been regarded as a desirable method to improve the machinedsurface quality in high-efficiency grinding. The reason is
mainly attributed to the decreasing undeformed chip thickness
and the possible ductile removal mode of the brittle materials
during the high-speed grinding process.15–18 In other words,
the difficulty in machining difficult-to-cut materials is perhaps
weakened to a certain extent in high-speed grinding. For exam-
ple, Tian et al. found that the grinding temperature could be
controlled effectively in high-speed grinding of Ti–6Al–4V tita-
nium alloy; accordingly, the grinding-induced surface quality
was improved.19
In order to provide an experimental and theoretical basis
for high-efficiency and precision machining of PTMCs, high-
speed grinding experiments are carried out with the single-
layer electroplated CBN wheel and brazed CBN counterpart,
respectively, in the current investigation. The comparative
grinding performance of PTMCs with the two types of
single-layer CBN wheels is analyzed comprehensively in terms
of grinding force, grinding temperature and grinding-induced
surface features and defects.
2. Experimental details
The PTMCs contain Ti–6Al–4V metal matrix and 10 vol%
TiC reinforcing particles, which are produced by the state
key laboratory of metal matrix composites of China. The
TiC reinforcing particles with a size of 1.2–8.4 lm are synthe-
sized by means of powder metallurgy technique in the fabrica-
tion process of PTMCs. The average quantity of TiC particles
is about 1500/mm2 (Fig. 1). Meanwhile, a small quantity of
TiB whiskers is also contained in PTMCs. The composition
and mechanical properties are listed in Table 1.
Grinding experiments are performed on a high-speed sur-
face grinder, BLOHM PROFIMAT MT-408. The maximum
rotational speed is 8000 r/min and the output power is
45 kW. Fig. 2 schematically demonstrates the experimental
Fig. 2 Schematics of the grinding experimental set-up with single-layer CBN wheel.
Table 2 Grinding experimental conditions.
Contents Values
Machine tool Surface grinding machine modeled BLOHM
PROFIMAT MT-408
Grinding mode Up-grinding
Wheel speed vs 120 m/s
Workpiece infeed
speed vw
3–12 m/min
Depth of cut ap 0.005–0.020 mm
Grinding width b 5 mm
Cooling fluid Emulsified liquid; 5% dilution; 90 L/min;
Pressure at 15 MPa
1416 Z. Li et al.set-up. Up-grinding mode is applied. Fig. 3(a) displays the
whole morphology of single-layer CBN wheels. The outer
diameter of the wheel is 400 mm, and the grain size is 80/100
mesh. In particular, the grain particles are distributed ran-
domly on the working surface of the electroplated CBN wheel
(Fig. 3(b)), while they are distributed linearly with a row inter-
val of 1.2 mm on the working surface of the brazed wheel
(Fig. 3(c)). The electroplated CBN wheel is fabricated by Suz-
hou Wente Super-abrasive Tools Co. Ltd., China. The brazed
CBN wheel is fabricated by the authors. The fabrication tech-
nology of the single-layer brazed CBN wheels has been intro-
duced in the previous publication.20 The bonding material of
the brazed CBN wheel is (Ag72Cu28)95Ti5 (wt%) alloy, and
the brazing temperature is 920 C.
The details of the current grinding conditions are listed in
Table 2. The wheel speed vs was fixed at 120 m/s, which was
a broadly accepted wheel speed for high-speed grinding of
difficult-to-cut materials in the present days. The workpiece
infeed speeds vw was varied among 3, 6, 9, 12 m/min, and
the depth of cut ap was among 0.005, 0.010, 0.015,
0.020 mm. Grinding forces signals were measured using the
piezoelectric dynamometer Kistler 9272. The grinding temper-
ature signals were captured by means of the semi-artificial
thermocouple technique.21 Before grinding, the PTMCs work-
piece samples were cut equally to two blocks with the size of
15 mm (length)  5 mm (width)  25 mm (height). A constan-
tan foil of 0.020 mm thickness was sandwiched between cou-
ples of workpiece and was insulated by two mica sheets. A
hot junction for a constantan-workpiece semi-artificial ther-
mocouple was made in the grinding process. The thermal elec-Fig. 3 Single-layetromotive signal was therefore formed and the grinding
temperature could be measured using a Labview data acquisi-
tion card connected to a computer, as displayed in Fig. 2.
After grinding, the PTMCs surface was observed using
Hirox KH-7700 optical microscopy and Quanta-200 scanning
electron microscopy (SEM). The corresponding defects were
quantitatively statistically analyzed.
3. Results and discussion
3.1. Comparison of grinding force in high-speed grinding
Grinding force is an important index to evaluate the grinding
performance.22,23 Comparative analysis on the grinding forces
of the electroplated CBN wheel and brazed CBN wheel was
carried out at the identical high-speed grinding parameters.r CBN wheels.
Comparative investigation on high-speed grinding of TiCp/Ti–6Al–4V particulate reinforced titanium matrix composites 1417Fig. 4 shows the measured signal of the normal force Fn and
tangential force Ft, with different single-layer CBN wheels at
the identical grinding parameters, i.e., the wheel speed of
120 m/s, the workpiece infeed speed of 6 m/min and depth of
cut of 0.010 mm during high-speed grinding of PTMCs.
Fig. 5 displays the effects of the grinding parameters on the
grinding forces. Seen from Fig. 5(a), an increase in workpiece
infeed speed leads to increasing of both the normal and tan-
gential grinding forces. When the depth of cut is kept at
0.010 mm, and the workpiece infeed speed increases from
3 m/min to 12 m/min, the normal force Fn increases from
26.2 N to 43.8 N (by 67%) with the electroplated CBN wheel
and from 19.7 N to 37.4 N (by 90%) with the brazed counter-
part, respectively. Meanwhile, the tangential force Ft rises from
6.5 N to 9.8 N (by 51%) with the electroplated CBN wheel and
from 4.5 N to 7.8 N (by 73%) with the brazed one,
respectively.
When the depth of cut increases from 0.005 mm to
0.020 mm and the workpiece infeed speed is fixed at 6 m/min,
the normal force rises rapidly from 26.5 N to 48.7 N (by
84%) and the tangential force also increases from 6.0 N to
10.5 N (by 75%) with the electroplated CBN wheel (Fig. 5
(b)). For the brazed CBNwheel, the recorded normal force rises
from 20.0 N to 43.0 N (by 115%), and the tangential force
increases approximately from 4.5 N to 7.6 N (by 67%). In gen-
eral, lower grinding force obtained with the brazed CBN wheel
is mainly attributed to the higher grain protrusion on the tool
surface, which increases the sharpness degree and enlarges the
chip storage space of the CBN super-abrasive wheel during
grinding.18
3.2. Comparison of grinding temperature in high-speed grinding
During grinding difficult-to-cut materials, a great amount of
energy is converted to the grinding heat within the tool-
workpiece contact zone, most of which eventually is trans-
ferred into the workpiece and causes a grinding temperature
rise.24–26 Fig. 6 displays two typical grinding temperature
curves measured using the thermocouples, which correspond
to different single-layer CBN wheels at the identical grinding
parameters, i.e., the wheel speed of 120 m/s, the workpiece
infeed speed of 6 m/min and depth of cut of 0.010 mm. Obvi-
ously, the grinding temperature (T) of 703 C with the electro-
plated CBN wheel is much higher than that of 569 C with theFig. 4 Grindingbrazed counterpart. At this time, the burnout phenomenon
could take place on the surface ground with the electroplated
CBN wheel (Fig. 7(a)); on the contrary, good ground surface
is produced with the brazed wheel (Fig. 7(b)).
Because the grinding temperature beneath the workpiece
surface could not be measured directly by the semi-artificial
thermocouple method in the current investigation, a three-
dimensional (3D) finite element model (FEM) based on a
moving triangular heat source was established to simulate
the temperature distribution. The initial temperature consid-
ered for the workpiece is the room temperature, i.e.,
T= 20 C. In wet grinding, the convective cooling is applied
on the top surface to represent coolant application. A heat
transfer coefficient of 82,000 W/m2 is used to simulate the
cooling effects of the grinding coolant fluid passing through
the workpiece in a grinding pass.27 The bottom surface of
the workpiece is regarded as thermally insulated from the
environment. According to Newton’s cooling law, this means
that there is no heat loss from the workpiece to the environ-
ment. The characteristic of the moving triangular heat source
and convective cooling during grinding is illustrated in
Fig. 8. The mesh method was applied to deal with the sharp
temperature gradient in the workpiece top region, while keep-
ing a reasonable element size to reduce the calculating time.
Therefore, the fine elements were designed in the workpiece
top region, and the coarse ones were in the bottom region of
the ground workpiece. The component was meshed using 20-
nodes hex elements. The heat flux applied for the finite element
simulation was computed from the average values of the tan-
gential grinding forces, which varied from 3.49  107 W/m2
to 6.48  107 W/m2.28
Fig. 9 displays the results of the simulated temperature dis-
tribution contours within the workpiece ground with the elec-
troplated and brazed CBN wheels, respectively. The grinding
parameters are as follows: the wheel speed of 120 m/s, the
workpiece infeed speed of 6 m/min, and the depth of cut of
0.010 mm. As for the grinding temperature, the 3D FEM
results and those measured by the semi-artificial thermocouple
method show a good consistency (Fig. 6). High grinding tem-
perature is always produced within the tool-workpiece contact
zone when the thermal source moves along the workpiece sur-
face. The heat conducted into the workpiece is transferred
away to the surroundings during grinding, which results in a
temperature field tail (Fig. 9).forces signal.
Fig. 6 Typical grinding temperature curves.
Fig. 7 PTMCs surface produced in high-speed grinding.
Fig. 8 Finite element model based on moving triangular heat
source and convective cooling.
Fig. 5 Effects of grinding parameters on grinding forces.
1418 Z. Li et al.Fig. 10 displays the temperature distribution along a verti-
cal direction from the ground surface to the workpiece interior
part within the tool-workpiece contact zone. The variation of
the temperature gradient along the grinding depth direction
(i.e., a depth of 200 lm beneath the ground surface) could be
observed. The grinding temperature in the tool-workpiece con-
tact zone drops from the maximum temperature (i.e., 682 C)
on the surface to the lower temperature (i.e., 190 C) at the
depth of 250 lm when the electroplated CBN wheel is
applied (Fig. 10(a)); meanwhile, the corresponding grinding
temperature drops from 530 C on the surface to 192 C at
the depth of 200 lm using the brazed wheel (Fig. 10(b)).Fig. 11 displays the measured and simulated grinding tem-
perature as functions of workpiece infeed speed and depth of
cut. All the simulated temperature using the triangle heat
source model shows a good agreement with those measured
by the semi-artificial thermocouple method in the current
Fig. 9 Simulated grinding temperature distribution.
Fig. 10 Temperature distribution beneath workpiece surface along vertical direction.
Fig. 11 Effects of grinding parameters on grinding temperature.
Comparative investigation on high-speed grinding of TiCp/Ti–6Al–4V particulate reinforced titanium matrix composites 1419high-speed grinding experiments. In general, the grinding
temperature significantly increases with increasing of the
workpiece infeed speed and depth of cut. Seen from Fig. 11
(a), when the depth of cut is 0.010 mm, and the workpiece
infeed speed increases from 3 m/min to 12 m/min, the grinding
temperature increases from 558 C to 784 C (by 40%) with
the electroplated CBN wheel and from 489 C to 645 C (by
32%) with the brazed CBN one, respectively. When the depthof cut increases from 0.005 mm to 0.020 mm, and the work-
piece infeed speed is fixed at 6 m/min, the grinding temperature
rises rapidly from 636 C to 901 C (by 42%) with the
electroplated wheel (Fig. 11(b)). For the single-layer brazed
CBN wheel, the grinding temperature rises from 433 C to
713 C (by 65%). The reason for the above-mentioned
variation phenomenon is that higher workpiece infeed speed
or larger depth of cut always results in larger tangential force
1420 Z. Li et al.(Fig. 5). As a consequence, more heat flux enters the grinding
zone, which produces higher grinding temperature within the
workpiece to a certain extent.
According to Fig. 11, it is also known that the grinding
temperature obtained with the brazed CBN wheel is always
lower than that with the electroplated wheel under the identical
grinding parameters. Specifically, when larger workpiece
infeed speed or higher depth of cut is utilized, the grinding
temperature difference between the two CBN wheels is more
significant, which is attributed to the different cooling condi-
tions in the tool-workpiece contact zone formed with different
CBN wheels in grinding.29–31 Klocke and Baus have ever
reported that the effective flow of coolants was proportional
to the low grinding temperature.32 In the current investigation,
the difference of detailed cooling conditions formed with the
electroplated CBN wheel and brazed counterpart is schemati-
cally demonstrated in Fig. 12. According to the Refs. 33 and
34, as for the electroplated CBN wheel, the grain protrusion
is merely about 20%–30% of the whole grain particles; how-
ever, it could reach approximately 50%–70% of the whole
grain particle for the brazed wheel. Here the grain protrusion
refers to the particular part which is exposed beyond the con-
necting layer of the grinding wheel. Under such condition,
when the electroplated CBN wheel is applied, the coolants
could not make good effects due to the small space in the
tool-workpiece contact zone during high-speed grinding. How-
ever, as for the brazed CBN wheel, the abundant storage space
for coolants is provided owing to high grain protrusion, which
ensures enough flow of the coolants and therefore excellent
cooling effects are produced in high-speed grinding. For this
reason, lower grinding temperature of PTMCs is always
obtained with the single-layer brazed CBN wheel compared
with the electroplated wheel. Quantitative analysis of the cool-
ing effects in the tool-workpiece contact zone with the different
single-layer CBN wheels will be an important topic in the fur-
ther investigation.
Furthermore, because the burnout phenomenon of the
PTMCs surface would take place once the grinding tempera-
ture exceeds 700 C in the current experiments, the maximum
materials removal rate could merely arrive at 1 mm3/(mms)
using the single-layer electroplated CBN wheel. Here the mate-
rials removal rate is the product of workpiece infeed speed and
depth of cut. However, when the brazed CBN wheel is applied,
even though the MRR has reached 2 mm3/(mms), the highest
grinding temperature is still below 700 C (Fig. 11). That is to
say, the maximum materials removal rate in high-speed grind-
ing of PTMCs with the brazed CBN wheel is much larger than
that with the electroplated wheel.
3.3. Grinding-induced surface features of PTMCs
The typical morphology of the ground PTMCs surface is
shown in Fig. 13. Here two sets of grinding parameters areFig. 12 Comparison of detailed cooling condchosen: (i) the workpiece infeed speed of 6 m/min and the
depth of cut of 0.005 mm; (ii) the worpiece infeed speed of
12 m/min and the depth of cut of 0.010 mm. The grinding-
induced surface features, which are indicated by the number
arrows from 1 to 6 in Fig. 13, include the grinding traces, frac-
tured zone, voids, microcracks, debris adherence and smooth
zone. Obviously, the voids and microcracks are always the
dominant surface defects.
On one hand, in the high-speed grinding process of
PTMCs, the voids are produced due to the fracture and pull-
out of the TiC reinforcing particles under the grinding forces
(Fig. 14). Meanwhile, it is found from Fig. 13 that the void size
distinctly increases with increasing of the workpiece infeed
speed and depth of cut for the two types of CBN wheels.
The reason is that the undeformed chip thickness increases
with increasing of workpiece infeed speed and depth of
cut.19,35 In other words, the effective CBN grains taking part
in the grinding practice increase, and thereby the grinding
force increases, which results in a great increasing of the void
size in high-speed grinding.
On the other hand, the grinding-induced microcracks are
observed in the current investigation (Fig. 15), which are
obtained at the workpiece infeed speed of 6 m/min and depth
of cut of 0.010 mm. Microcracks are produced due to the frac-
ture behavior of the Ti–6Al–4V matrix materials under too
large mechanical-thermal loads in grinding. For example, as
displayed in Fig.6, in the current high-speed grinding process,
the surface temperature in the tool-workpiece contact zone
rises at a rate of 2.85  104 C/s (from 20 C to 703 C within
0.024 s) and drops down to the lower temperature at
5.48  104 C/s (from 703 C to approximately 100 C within
0.011 s) when the electroplated CBN wheel is utilized, while
the temperature rises abruptly at 2.50  104 C/s (from 20 C
to 569 C within 0.022 s) and falls at 3.91  104 C/s (from
569 C to approximately 100 C within 0.012 s) using the
brazed CBN wheel. High grinding temperature and abrupt
temperature variation could result in large residual tensile
stresses within the surface/subsurface layer of the ground
PTMCs specimens,36–40 which have a key influence on the for-
mation of grinding-induced microcracks.
3.4. Statistical analysis of grinding-induced surface defects of
PTMCs
It is worth noting that, the voids and microcracks, as the major
grinding-induced surface defects, have vital negative impacts
on the ground surface quality. Therefore, the quantitatively
statistical analysis of voids and microcracks is performed in
the current investigation. The analysis procedure is as follows:
firstly, ten grinding micro-regions with the same size are cho-
sen randomly for each grinding parameter. For example,
Fig. 16(a) shows one typical region ground with theitions within tool-workpiece contact zone.
Fig. 13 Morphology of PTMCs surface produced in high-speed grinding.
Fig. 14 Schematic of PTMCs surface features produced in high-
speed grinding.
Comparative investigation on high-speed grinding of TiCp/Ti–6Al–4V particulate reinforced titanium matrix composites 1421electroplated CBN wheel at the following grinding parameters:
workpiece infeed speed of 6 m/min and depth of cut of
0.005 mm; Fig. 16(b) shows the region for another set of grind-
ing parameters: workpiece infeed speed of 6 m/min and depth
of cut of 0.010 mm; Fig. 16(c) is for workpiece infeed speed of
12 m/min and depth of cut of 0.010 mm. Secondly, the
grinding-induced surface defects including the voids and
microcracks are statistically analyzed. The voids (e.g., the area
of the red rectangular region in Fig. 16) is calculated based on
the single void area (e.g., <5 lm2, 5–10 lm2, >10 lm2), while
the microcracks (e.g., the yellow line in Fig. 16) are calculatedaccording to single microcrack length (e.g., <6 lm, 6–9 lm,
>9 lm). In particular, the above-mentioned critical values of
the single void area and single microcrack length are deter-
mined according to the primary void area and microcrack
length on the actual ground surface of PTMCs. Finally, the
arithmetic average values obtained from the ten regions are
applied as the final results under the corresponding grinding
parameters (Fig. 17).
According to Fig. 17(a), the quantities of voids with an area
of below 5 lm2 are 89–105/mm2 on the surface ground with
the electroplated CBN wheel and 75–92/mm2 with the brazed
CBN wheel. However, for the voids with a larger area, espe-
cially for >10 lm2, the voids quantities are 13–84/mm2 using
the electroplated CBN wheel and 8–70/mm2 using the brazed
wheel. The voids quantities obtained with the electroplated
CBN wheel under the above-mentioned three grinding param-
eters are always larger than those with the brazed CBN wheel.
The reason could be that the higher grinding force is produced
using the single-layer electroplated CBN wheel (Fig. 5), and
more reinforcing particles are therefore fractured or pulled
out. Moreover, the voids quantities significantly increase with
the increasing of grinding parameters from low to high level.
For example, when the electroplated CBN wheel is utilized,
the voids quantity with a larger area is merely 13 /mm2 at
the workpiece infeed speed of 6 m/min and the depth of cut
of 0.005 mm, while it reaches 28/mm2 at the workpiece infeed
speed of 6 m/min and the depth of cut of 0.010 mm, and
further rises to 84/mm2 at the workpiece infeed speed of
12 m/min and the depth of cut of 0.010 mm. The reason for
Fig. 15 Morphology of grinding-induced microcracks.
Fig. 16 Typical surface morphology obtained with single-layer electroplated CBN wheel under different high-speed grinding parameters.
Fig. 17 Statistical analysis of different surface defects produced in high-speed grinding.
1422 Z. Li et al.this phenomenon is also that the reinforcing particles fracture
and pullout behavior becomes more serious under larger
mechanical loads at larger grinding parameters.
As for the grinding-induced microcracks, the average quan-
tities of microcracks with three different length scales increase
with the increasing of the workpiece infeed speed and depth of
cut (Fig. 17(b)). At the same time, it is also obvious that the
quantities of the microcracks on the surface ground with the
single-layer electroplated CBN wheel is always higher than
those with the brazed CBN wheel under the identical grinding
parameters. For example, when the workpiece infeed speed is6 m/min and the depth of cut is 0.005 mm, the microcracks
length is concentrated on <6 lm. At this time, the average
quantities of the surface microcracks with a length of below
6 lm are 234/mm2 with the brazed wheel and 287/mm2 with
the electroplated wheel. Furthermore, when the workpiece
infeed speed increases to 12 m/min and the depth of cut
increases to 0.010 mm, the concentration scale of microcrack
length also gradually increases to 6–9 lm or beyond 9 lm.
As for the surface ground with the brazed wheel, the average
quantities are 302/mm2 for the microcracks with a length of
6–9 lm and 288/mm2 for the microcracks with a length beyond
Comparative investigation on high-speed grinding of TiCp/Ti–6Al–4V particulate reinforced titanium matrix composites 14239 lm. However, as for the electroplated wheel, they increase to
342 /mm2 for the microcracks with a length of 6–9 lm and 310/
mm2 for the microcracks with a length beyond 9 lm. That is to
say, less surface defects could be obtained when the brazed
CBN super-abrasive wheel is utilized to grind PTMCs. In par-
ticular, the effects of the average quantities of grinding-
induced voids and microcracks on the fatigue strength of the
machined PTMCs components will be investigated in the fur-
ther work.
4. Conclusions
High-speed grinding of PTMCs was carried out with the
single-layer electroplated CBN wheel and single-layer brazed
CBN wheel, respectively. The comparative grinding perfor-
mance was investigated in terms of grinding force, grinding
temperature and grinding-induced surface features and defects.
The main conclusions are summarized as follows:
(1) Grinding forces and temperature obtained with the
single-layer brazed CBN wheel are always lower than
those with the electroplated CBN wheel. The burnout
phenomenon takes place on the ground surface when
the materials removal rate reaches 1 mm3/(mms) with
the electroplated CBN wheel; on the contrary, good
surface is always obtained with the brazed wheel
even though the materials removal rate exceeds
2 mm3/(mms).
(2) The voids and microcracks are the dominant grinding-
induced surface defects of PTMCs. However, according
to the statistical analysis results of the voids and micro-
cracks, less surface defects could be produced with the
brazed CBN wheel.
(3) In general, compared with the single-layer electroplated
CBN wheel, the single-layer brazed CBN wheel has
greater potential in high-speed grinding of PTMCs
owing to smaller grinding force, lower grinding temper-
ature and less grinding-induced surface defects.
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